Based on the distribution of the stone blocks in outwash deposits, the paper present a modeling method for the random structure of outwash deposits, in which the long axis of the stone blocks is supposed obeying a lognormal distribution. Then numerical experiments of biaxial compression using the granular discrete element method are used in the macro-and micro parametric analysis. The influences of strength of the cementation, the sizes of stone blocks, and the content of stone blocks on the peak compressive and shear strength are discussed. The micromechanical parameters of the outwash deposits are also analyzed. The proposed method offers a supplement to the mechanical characterization of outwash deposits and accounts for the limitation that indoor experiments cannot consider large stone blocks.
Introduction
Outwash deposits are a particular type of geological medium and are formed by glacial movement. The media are composed primarily of irregular stone blocks with high strength and weak, fine-grained debris, as shown in Figure 1 . They are widely distributed in southwestern China, where the water resources are rich and the geological conditions are suitable for the construction of hydropower plants. According to the program "accelerating the development of hydropower project in China, " outwash deposits should be an important and difficult issue and will receive more attention from the departments of geological engineering, geotechnical engineering, and hydropower engineering. However, due to the composition of outwash deposits, the mechanical parameters of outwash deposits are difficult to be determined by current analysis methods, as well as reinforcement measures.
Outwash deposits are different from common homogeneous materials because of the presence of stone blocks and the cementation of fine-grained debris. For any structural characteristics and material composition, the mechanical properties and the water-physical properties of them are unique. At present, most studies consider the outwash deposit as a homogeneous medium. The analytical approaches rely mainly on indoor experiments and numerical simulations. However, because large stone blocks cannot be used in the indoor experiments, the mechanical characterization of outwash deposits has some limitations. Some scholars [1, 2] found that the existence of boulders increased the strength and density of outwash deposits, which also leads to deviations in their mechanical properties. Others studied the relationships among the cementation of fine-grained debris, dry density, water content, block shapes, block distribution, and the shear strength of the stone and debris mixture by experimental tests, such as the large triaxial shear experiment, the medium-sized triaxial shear experiment, and the large horizontal push shear experiment [3] [4] [5] [6] [7] . The results demonstrate that the stress-strain of this medium is approximately taken on nonlinear hardening characteristics, which agrees well with the hyperbola assumption of DuncanChang model, and the shear strength of the stone and debris mixture is related closely to the concentration and distribution of the stone blocks. However, it is difficult to gain a thorough understanding of outwash deposits without considering the effects of heterogeneity and randomness on the distribution and concentration of stone blocks in the conventional geotechnical experiments. The limited field tests are discrete and not representative. Therefore, it is necessary to consider the composition of the outwash deposit in the experiments and numerical calculations when studying the mechanical characteristics. Digital image processing is a convenient tool. The sizes and shapes of the debris in outwash deposits were studied by Lebourg et al. [8] . The real internal structure of geological materials was also detected by such technology [9] [10] [11] [12] . So it can provide an effective approach for research into the composition of outwash deposits [13, 14] . Because the structure composition of outwash deposits is mainly determined by stone blocks, a model considering the distribution and randomness of stone blocks is meaningful.
According to the field statistics, the geometric shapes of the stone blocks are assumed to be approximately ellipticpolygon and obey a normal distribution in this work. Then a geomechanical model for biaxial compression is established using the particle flow code. The effects of the stone blocks and fine-grained debris on the mechanical properties of outwash deposit are studied. The changes in the macroscopic compressive strength and shear strength of the medium are also discussed.
Structural Characteristics of Outwash Deposits

The Structural Composition of Outwash Deposits.
Outwash deposits are a type of binary mixture medium consisting of fine-grained debris and stone blocks, where both the debris and stone blocks are made of the same material and are distinguished by the grain size but not by the composition. However, not all sizes of stone blocks have a positive influence on the strength of the medium. There is a threshold that distinguishes debris from stone blocks. The threshold size of stone blocks can be determined only in certain geological conditions and scales, which shows that the large grains play a greater role in the macroscopic mechanical properties during the smaller scale studies. When the scale of research is increased, the former large grains will lose their dominant effect to mechanical property and can be regarded as debris.
The following criterion to distinguish stones from debris is proposed [15] :
where thr is the threshold of stone and debris ( thr = 0.05 ), is the characteristic engineering size, denotes the stone, and denotes the debris.
In addition, the indoor geotechnical test on similar media, the direct shear test, and triaxial compression test can only consider grains below 2 cm due to the limitations of the instruments. Therefore, thr is set to be 2 cm in this work, which means that if the grain size is less than 2 cm, the grain will be defined as debris. Conversely, if the grain size is greater than 2 cm, the grain will be considered as a stone block.
By above measure, grains of debris and stone blocks will be endowed attributes separately to reflect the change rule of medium composition and mechanical property.
The Aggregate Gradation of Outwash Deposits.
The sizes and shapes of stone blocks differ greatly at different part, as shown in Figure 1 (c). The microstructure of outwash deposits, which can be explained as grain contact and interaction, is just related to content, size, and roughness of stone blocks. In order to construct a stochastic model of outwash deposits, the grains regarded as stone can be divided into several gradation according to the grain size. Then according to the results of the grain size analysis and field statistics, the proportion, quality, volume, and area of the stone blocks in the research region can be obtained easily. The grains smaller than the threshold will be considered as debris and can be described using the conventional geotechnical experiments. Numerical simulation method will be used to reflect its influence on mechanical property of outwash deposit, in which the stone blocks are supposed to be unbroken. If the density of the stone blocks is , the debris density is . Therefore, the 2D area of the stone blocks in grade can be written as follows:
where is the 2D area percentage of stone blocks in grade , 0 is the weight of the medium with grain sizes below the threshold and ∑ =1 / is the total weight of stone blocks.
The Randomised Generation of Aggregates.
Each stone block can be regarded as an arbitrary polygon in the plane, so a number of polygons are generated randomly in the designated region to simulate blocks. During the generation process, every polygon should be judged to avoid overlapping with others. Then the area in the polygons is regarded as stone blocks of different grades. When the polygon is convex, it has difficulty in considering the interaction force due to mosaic effect of rough block surface, which will lead to deviations in the mechanical parameter research, so the polygon generation should consider convexity and concavity at the same time.
To generate the arbitrary shapes of the stone blocks, the stone blocks are assumed to be initially elliptical, then the outline is divided as polygon and the vertices of polygon are random, as shown in Figure 2 . The ellipses can be determined using three parameters: the length of long axis , length of the short axis (or the axis ratio defined as ratio of the short axis length to the long axis), and the azimuth of the long axis . Field investigation shows that the angle of long axis azimuth is in poor statistical correlation, so it can be regarded as obeying uniform distribution over 0∼360
∘ . As shown in Figure 3(a) , the lengths of the long axis and the axis ratio are approximately obeying normal distribution with variance as shown in Figures 3(c) and 3(d) . So the length of the long axis, the axial ratio, and the azimuth angle of long axis whose definition is shown in Figure 3 (b) are given as shown in the following formula:
where , , , are the mean of the long axis, the variance of the long axis, the mean of the axial ratio, and the variance of axial ratio, respectively; is the azimuth of long axis. rand(1) returns a random number between 0 and 1. , , , should be obtained using the statistics according to the stone blocks in outwash deposit medium. Here, 0.5 times the corresponding mean value is used as an empirical parameter for variance if there is no statistical information. Then, every stone block is hypothesised to be a polygon composed of sides as shown in Figure 2 . The elliptical arc is accordingly divided into arcs. Each point of the arc can be moved towards the centre of the ellipse. The corresponding coordinate of each point can be defined as follows:
where and are the coordinates of the th node in a polygon, 0 and 0 are the coordinates of the centre of the ellipse, 0 is the azimuth of ellipse, and Δ is the angle between two vertexes of the polygon where Δ = 360/ .
The steps of the random structure generation are shown in Figure 4 . The generated polygons can be convex or concave. The polygons are divided into triangles using the centre and vertexes of the polygon. Therefore, once the centre of an element is determined to be within one triangle, the element can be set as a stone block and numbered.
To ensure that the stone blocks do not overlap, the elements are set as debris by default. Once one of the elements in the current trial has been defined as a stone block, the current step will end and a new position will be tried as the centre of the generated polygon until all of the elements in the generated polygon are no longer debris. When all of the generated polygons are finished in this way, the numerical model is complete.
To avoid setting adjacent polygons as the same stone block, each stone block should be numbered a unique number. The particle contact parameters within one stone block are endowed the parameters of the stone blocks, and the contact parameter between two stone blocks is taken as that of debris. Therefore, the contact characteristics between stone blocks can be approximately simulated.
The content rate of stone block of grade in a twodimension model can be defined as the ratio of the stone block area within grade to the total area of the model. It can be expressed as follows: where is the total area of the model, is the area of the th stone block and grade , and is the content rate of stone blocks of grade .
The area of the total stone blocks is counted until the grade requirement is met.
The structure of the outwash deposit model is generated randomly according to the method of multigradations. The influences of the azimuth, concavity, and convexity of the stone blocks on the outwash deposit are also taken into consideration. The generation of stone blocks occurs from the largest to the smallest size according to the grain size accumulation curve.
Analysis Based on Micromechanical Model
The Principle of the Granular Discrete Element Method.
The granular discrete element method is adopted to simulate the micromechanical properties of the granular materials in the form of discs or spherical particles using the explicit difference algorithm [16] . Newton's Second Law is used in order to determine the particle movement that is caused by contact or the force of a body, while the force-displacement law is used to calculate the contact force that is changing relative to movement. The two laws are then used alternately until the total system reaches equilibrium as shown in Figure 5 (a). The particles can be combined into any shape or combination to simulate the stone or debris mass structures.
As shown in Figure 5 (b), when there is no bonding between particles, the mechanical behaviour of the particles in contact is determined by their own normal stiffness ( ), tangential stiffness ( ), and friction coefficient ( ). When two particles are in contact, the contact and tangential stiffness can be calculated as follows:
The normal force of contact particles is depicted as
where is the normal contact depth. In the calculation process, the tangential force is zero initially, so the incremental form of the equation is used as follows:
If ≤ 0, a gap exists between the particles, the normal and shear force are both zero, and the slipping force between the particles should be calculated with the friction coefficient. This coefficient is calculated as = min( ( ) , ( ) ), where ( ) and ( ) are the particle friction coefficients of and , respectively, and = is used when ≥ . The stiffness contact model is adopted for the outwash deposit in this work because the point contact and the Advances in Materials Science and Engineering linear contact in the debris-debris, debris-stone, and stonestone are the main kind of contact types; the point contacts are especially dominant. Five microparameters need to be calibrated: the normal stiffness, the stiffness ratio of tangent stiffness and normal stiffness, the friction coefficient, the normal bonding strength, and the tangent bonding strength according to PFC2D manual [17] .
The Conversion from the Geological Model to a Mechanical
Model. According to the theory of granular discrete element method, 2D disk particles are used to transform the geological model to a mechanical model. If the particle is too large in the model, the shape of stone block and microstructure characteristic will be distorted. However, the larger number of particles in a model will lead to very slow calculation speed. A significant amount of time will be sacrificed, which may not be tolerable. So a proper particle size should be determined empirically.
The width and the height of the model in this work are taken to 0.50 × 0.50 m, the constant radius of particles is 2.5 mm, and the arrangement of the particles is shown in Figure 6 . The distance between the centres of two adjacent particles in the vertical direction is √ 3 (r is the radius of particle). The distance between the centres of adjacent particles in the horizontal direction is 2 . Therefore, the coordinates of the particle centre ( , , , ) in the line and column can be expressed as follows: 
According to the modelling steps, the particles are arranged initially as shown in Figure 6 . The even rows are dislocated to ensure that the particles are tangential with adjacent rows. When a particle model filling the research zone is generated, every particle within the model will be judged to determine whether its centre is located in some random polygon. If it is in a polygon, the particle belongs to a stone block with a certain flag. If it is not in any polygon, the particle is regarded as debris. The initial structural information can be obtained from site research or by random generation.
Several particles with the same polygon flag are assembled together by the high bonding force to simulate the characteristics of the stone blocks. The structural effect of the outwash deposit is thus simulated. The separation of the debris from the stone is also convenient for the determination of the mechanical parameters. determined in the indoor geotechnical tests are used to describe the macrodeformation properties of the materials. Many studies have shown that Young's modulus is related to the microparameter and the stiffness ratio / , while Poisson's ratio is mainly related to the stiffness ratio [18, 19] . However, these changes are all affected by the particle compositions, such as the mean radius and the ratio of the maximum radius to the minimum radius. Since a constant radius is used in this work, the problem can be neglected.
To reflect the relation between Poisson's ratio and the stiffness ratio, / , the normal stiffness is initially fixed at a constant 50 MPa. The relationship between Poisson's ratio and the stiffness ratio is shown in Figure 7 . It can be found that Poisson's ratio in the debris shows a nonlinear, inverse relationship with the stiffness ratio of debris when the particle radius is unchanged.
It can also be concluded in Figure 7 that the tangent stiffness is usually less than the normal stiffness. Once the tangent stiffness is equal to or greater than the normal stiffness, Poisson's ratio will reach zero. This situation only exists in very loose cellular structures. However, for outwash deposits, it is obviously unreasonable when the medium is in a compacted state. Poisson's ratio declines as the stiffness ratio increases. When the tangent stiffness is equal to the Advances in Materials Science and Engineering normal stiffness, Poisson's ratio is close to zero. When the stiffness ratio decreases, the lateral deformation increases. When the tangent stiffness is zero, Poisson's ratio reaches its maximum value. The relationship between Poisson's ratio and the stiffness ratio based on a series of numerical tests can be expressed using the following equation:
where is Poisson's ratio and = / is the ratio of the tangent stiffness to the normal stiffness, which lies in the range 0∼0.5. Once is greater than 1.0, Poisson's ratio may be greater than 1.0 or negative, which disagrees with the properties of common solid media.
It should be noted that (10) The changes in Young's modulus and Poisson's ratio with the changes in the microparameters are shown in Figures  8 and 9 . The figures illustrate that the relationship between Young's modulus of an outwash deposit and the corresponding Poisson's ratio is not a simple linear relation but a double linear correlation in the calculation of the granular discrete element method. When the microparameters need to be determined, Young's modulus and Poisson's ratio can initially be assumed. Then, more reasonable values can be determined using (11) . The steps should be repeated many times until Young's modulus and Poisson's ratio agree with the results of the macroscopic tests. In addition, the debris and stone blocks should be calibrated separately to obtain proper microparameters.
The Micromechanical Parameters of the Outwash Deposits.
The normal contact force ( bond), tangent contact force ( bond), and the coefficient of friction are the main microparameters related to macrostrength in a granular model based on PFC2D. These parameters correspond to the macrocohesion and the internal friction in the MohrCoulomb criterion. The coefficient of friction is the pure frictional force when the outwash deposit is completely destroyed. It determines the residual strength of the medium and can be approximately equal to the pure friction coefficient tan of the stone and debris mass.
As shown in Figure 10 , when the coefficient of friction is low, the deformation of the stone and debris mass shows a linear variation. By contrast, when the friction coefficient is high, the deformation of the stone and debris mass shows a nonlinear variation. The internal friction angle of the medium first increases and then remains unchanged as the coefficient of friction increases. The cohesion shows similar behaviour, but it remains constant if the coefficient of friction is low. The cohesion will increase as the coefficient of friction increases, as shown in Figure 11 .
It is not difficult to find that the microcoefficient of friction is sensitive to the macro-internal-friction angle. When the microparameters need to be determined, the bonding forces should initially be set to zero, then the friction coefficient can be determined using trial calculations until the macromechanical properties are in line with the experimental results. Finally, the bonding forces are adjusted so that the parameters are consistent with the macromechanical properties of the outwash deposit. When the bonding force is zero, the internal friction angle will reach its minimum value. Therefore, the determination of the internal friction angle should take the effect of the stiffness ratio into consideration. If the internal friction angle is unchanged when the coefficient of friction increases, the bonding force can be adjusted to be in agreement with the peak strength of the stress. In this work, the microparameters are shown in Table 1 , and the corresponding macroparameters are shown in Table 2 .
The Analysis of the Mechanical Behaviour of the Outwash Deposits
As a case study shown in Figure 1 , the stone rate of outwash based on the statistical results is about 30% to 40%, the mean length of long axis is about 4.13 cm with a variance 0.15, and the mean axis ratio is 0.64 with a variance 0.17. Then the random structure models of outwash deposits are generated according to the above information. Finally, numerical simulation and comparison are executed in order to analyse the effect of comprehensive mechanical behaviour.
The Stress-Strain Curve Based on the Biaxial Compression
Test. The stress-strain curves from the numerical simulation tests of an outwash deposit under biaxial compression conditions can be divided into three stages: the elastic stage, the hardening stage, and the residual strength stage (shown in Figure 12 ). In the elastic stage, the deformation modulus is determined by the undamaged debris particles and stone block assemblies. As the deformation increases, fractures will first appear in the debris because of its low modulus and strength. When the outwash deposit enters into the hardening stage the debris particle bonding forces will fail gradually, and the deformation modulus will decrease slowly. However, the strength will increase continually due to the interaction force caused by mosaic effect between the debris particles and the stone blocks. When the stress reaches its peak strength, the outwash deposit will enter into the residual strength stage. The cementation ability between the debris particles is almost completely lost. The compressive-bearing capability of the sample cannot continue to increase. The compressive-bearing capability is controlled mainly by the interparticle friction. When the strain continues to increase, the stone blocks may rotate and tumble, which leads to the complete destruction of the structure of the outwash deposit. However, there is still some compression-bearing capability, which causes the residual strength of the outwash deposit. The residual strength shows fluctuations because of the contact action between the debris and the stone blocks. As shown in Figure 13 , the damage of a model with content ratio of stone block 40%, length of long axis about 2 to 6 cm, and the axial ratio 0.5 to 0.8 is compared in the loading process. It shows that cracks occur firstly between some blocks and then develop among the boundary of stone blocks and fill with the debris particles. The crack number will increase shapely with the strain increase until all bond contacts between debris particles are destroyed.
The curves for different debris bonding forces in Figure 14 show that the cementation strength of the debris particles decides the strength of outwash deposit and has a dominant role in the mechanical properties when the other conditions are fixed. With a stronger cementation force of debris particles, there is a smaller increase in the internal friction angle and a bigger increase for the cohesion. The mechanical properties of an outwash deposit with high cementation strength are more similar to the properties of the stone blocks. Conversely, if the cementation strength of the debris particles is weak, there is a bigger increase in the internal friction angle and a smaller increase in the cohesion. The mechanical properties of the outwash deposit are much closer to the elastic-plastic debris. Figure 15 , the larger the size of stone blocks is, the smaller the peak strength is. This situation can be interpreted by the perimeter ratio, which is defined as the ratio of all boundaries' perimeters of stone blocks and the model area. The perimeter ratio under the same stone ratio varies greatly. The smaller aggregate size has more stone blocks, so the perimeter ratio will reach a high level and form larger contact areas. The compressive strength also increases. When the number of stone blocks increases, the contact area of the debris and stone blocks and the interaction force between the debris and the stone blocks will increase, which just explains the reason why the macromechanical properties of the outwash deposit are improved with the number of stone blocks. Figure 16 , when there are few stone blocks in the outwash deposit, the debris-debris contact between particles will be the main contact type. The existence of stone blocks leads to the concentration of stress along their boundaries, which can aggravate the debris contacts to damage; the peak compressive strength keeps close to the pure debris with slight fluctuation. Meanwhile, due to the stress concentration, the outwash deposits become more brittle. The shear strength is decreased. Many experiments show that when the content of stone blocks is less than 25%, the characteristic is more close to pure debris. By contrast, when the content of stone blocks is greater than 25%, there is not only debris-stone contact in the outwash deposits but also stone-stone contact.
The Influence of the Aggregate Size. As shown in
The Influence of the Stone Block Content. As shown in
The compressive and shear strengths are improved. When the content of stone blocks is more than 50%, the main contact type in the outwash deposits is stone-stone. The mechanical properties are better in stone-filled materials. The compressive and shear strengths are significantly improved in the stone-filled materials. However, when the stress-strain curves enter the residual strength stage, there is an obvious fluctuation after the peak of the curve, the amplitude of which is related to the size and content ratio of stone blocks, so in order to study the macroshear strength, the peak value of stress-strain curves is used to calculate shear property.
The Macroparameter Analysis of the Outwash Deposits.
In terms of the stress-strain curves, for any content rate of stone block, cementation strength, and block size, the major factor that influences the mechanical properties of the outwash deposits can be attributed to the dominant contact type, which is defined as the ratio of some particle contact number and total contact number in numerical models. The particle contact can be divided into three kinds, respectively, the debris-debris, debris-stone, or stone-stone contact. If ratio of stone block is high enough to make stone-stone contact becoming dominant contact type, the characteristic of outwash deposit is close to rockfill. For the nature medium, several kinds of contacts exist at that time, which will affect the comprehensive mechanical property greatly. Although the different geometries and distributions also affect the mechanical properties, the content of stone blocks is the decisive factor. For the different stone block contents, the peak strength under the confining pressure of 1.5 MPa can be calculated approximately using formula (12) as a cubic parabola curve (shown in Figure 17 
where is the content ratio of stone blocks and is the peak strength.
It should be noted that the compressive strength of the outwash deposit increases slowly when content ratio of stone blocks lies between 25 and 50%. Once the content of stone blocks is greater than 50%, the stone-stone contact becomes the dominant factor, which causes the compressive strength to increase sharply. The internal friction angle versus the stone block content can be described using three stages, as shown below: 
where is the internal friction angle of the outwash deposit and is the stone block content. Furthermore, it can be observed from Figure 18 (a) that the fluctuation of the internal friction angle is approximately 0∼8 ∘ for the same stone blocks content, which agrees with the fluctuations in the stress-strain curves. By contrast, the cohesion of outwash deposit increases clearly with the stone block content due to the interaction force between stone blocks as shown in Figure 18 (b). The amplitude of variation will increase significantly with the content of stone blocks. However, it is usually difficult to quantify the amplitude due to roughness, size, characteristic of stone block, and so on.
Therefore, for outwash deposits with extremely uneven shapes and distributions of stones, the compressive strength and shear strength are primarily controlled by the stone block content. The randomness of the stone block distributions causes large deviations in the mechanical parameters. For example, the internal friction angle may have a large fluctuation at the same stone block content. This feature is the cause of the poor results of the geotechnical experiments.
Discussions
Outwash deposits are a type of debris-stone mixture. The mechanical properties of these deposits are affected by the composition of the debris and stone blocks. As the debris cementation increases, the compressive strength increases. However, the internal friction angle has a negative correlation with the cementation force. The stone block content is the decisive factor for the mechanical properties of outwash deposits. The randomness of the structural composition leads to significant fluctuations in the properties, which also creates large discrepancies in the mechanical parameters.
The major influences of the particle sizes, geometric distribution, and stone block content are to determine the contact type in the outwash deposits. When the debrisdebris contact is the dominant contact type, there is little influence from the stone blocks on the mechanical properties of the outwash deposits. When the debris-stone contact is the dominant contact type, the stone block content has a positive influence on the compressive and shear strengths. When the stone-stone contact is the dominant contact type, the roles of the debris and stone blocks are reversed and the properties of the outwash deposits are much closer to a rock-filled material.
Although it is difficult to determine the mechanical parameters of an outwash deposit using indoor experiments, the properties of the medium can still be researched using indirect approaches. The mechanical parameters of the debris and stone blocks can be determined from the indoor experiments. Then, the biaxial compression numerical experiment using the granular discrete element method can be carried out to analyse the influence of the stone blocks on the properties of outwash deposits, which makes up for the limitation that the indoor experiments cannot consider the large stone blocks and offers a beneficial supplement to aid in the geological parameter determination.
Conclusions
According to the grain size and shape statistics from field statistics, the numerical granular discrete element model with randomised generation of stone blocks can be used with hypothesis that the length of the long axis and the axial ratio all follow normal distributions and the azimuth of the long axis follows uniform distribution in 0∼360
∘ . The relationships between the macro-and micromechanical parameters are discussed and the mechanical behaviour of the outwash deposit is affected by the cementation strength, the size of stone blocks, the stone block content, and the distribution of the stone blocks. These properties are analysed so that they can be better understood by the geologists working on the democratisation of the Engineering Project.
